abstract BACKGROUND: Few observational studies have evaluated the relative effectiveness of live attenuated (LAIV) and inactivated (IIV) influenza vaccines against medically attended laboratory-confirmed influenza.
Vaccination is the primary prevention strategy to reduce the morbidity and mortality associated with influenza. The US Advisory Committee on Immunization Practices (ACIP) has recommended annual influenza vaccination for all children aged 6 months and older since 2008. 1 Inactivated influenza vaccines (IIV), administered intramuscularly, are licensed for use among children aged ≥6 months, and live attenuated influenza vaccine (LAIV), administered intranasally, is licensed for use among children aged ≥2 years; both have been demonstrated to be effective against influenza illness in children. [2] [3] [4] [5] Several studies conducted before the 2009 influenza A/H1N1pdm09 pandemic demonstrated superior efficacy of LAIV over IIV in children aged 6-71 months, leading ACIP in 2014 to recommend preferential use of LAIV, when immediately available, for healthy children aged 2-8 years. [3] [4] [5] [6] However, limited data are available from observational studies after the 2009 pandemic on relative effectiveness of LAIV and IIV in children and adolescents.
The Centers for Disease Control and Prevention has conducted annual studies of influenza vaccine effectiveness (VE) through the US Influenza Vaccine Effectiveness (Flu VE) Network since 2004-2005. 7-12 Increasing vaccination coverage and use of LAIV among children and adolescents have allowed VE estimates for LAIV and IIV individually against circulating influenza viruses in each season since the 2009 influenza pandemic. [9] [10] [11] [12] These data indicate that both LAIV and IIV provided statistically significant protection against medically attended influenza illness in the outpatient setting during the 3 influenza seasons from 2010-2011 to 2012-2013. VE point estimates against any influenza among children or children and adolescents ranged 
METHODS

Subject Enrollment and Vaccine Verifi cation
The study design and enrollment criteria of the Flu VE Network have been described previously. [10] [11] [12] 14 Participants aged 2 to 17 years were included in this analysis. During the 2010-2011 influenza season, patients seeking care for acute respiratory illness with a cough or fever (elevated documented temperature or history of feverishness) ≤7 days in duration were enrolled at participating clinics and hospitals in Wisconsin, Michigan, New York, and Tennessee. During the subsequent 3 seasons, patients seeking care for acute respiratory illness with cough (cough or fever or feverishness in 2011-2012) were enrolled at participating ambulatory clinics in Wisconsin, Michigan, Washington, Pennsylvania, and Texas. Patients were not eligible if enrolled in the previous 14 days; <3% of participants enrolled more than once within a season. Combined nasal and throat swabs were collected by trained study staff and tested for influenza (type and subtype) at network laboratories with reverse transcription polymerase chain reaction (RT-PCR) with methods described previously. 10,11 Influenzapositive cases were participants who were RT-PCR positive for influenza, and test-negative controls were RT-PCR negative. Illness onset and demographic characteristics were assessed during enrollment interview.
Vaccination Status
Documented dates of vaccination, vaccine type, and lot numbers were obtained from provider records, electronic medical record, and registry data. If vaccine type could not be documented from these sources, we relied on parent or guardian report at enrollment of the method of vaccine administration (ie, shot or nasal spray) to assign vaccine type as inactivated or live attenuated. Participants for whom vaccine type could not be determined and participants who received both vaccine types within the same season were excluded. Institutional review boards at each study site approved study procedures.
Participants aged ≥9 years who received ≥1 dose of any current season influenza vaccine ≥14 days before illness onset were considered vaccinated; participants aged 2 to 8 years were considered fully or age-appropriately vaccinated if they received the number of doses recommended by ACIP ≥14 days before illness. Partially vaccinated children who received only 1 of 2 recommended doses were excluded from the main analyses. [15] [16] [17] [18] Sensitivity analyses were conducted including partially vaccinated children. Participants vaccinated after illness onset were considered unvaccinated. 
Vaccine Components
Estimation of Relative VE
To compare effectiveness of LAIV and IIV, we calculated the odds of influenza (ratio of influenza-positive to influenza-negative participants) among participants who received LAIV or IIV for the corresponding season and examined relative effectiveness using the odds ratio (OR; ie, the ratio of the odds of influenza among those receiving LAIV to the odds among those receiving IIV) and 95% confidence interval (CI). Adjusted ORs <1.0 indicate that the odds of influenza were lower among those who received LAIV, and ORs >1.0 indicate that the odds of influenza among LAIV recipients were higher than among IIV recipients. Statistically significant relative effectiveness estimates were defined as ORs with 95% CIs that excluded 1. Combinedseason estimates for influenza A/ H1N1pdm09 (2010-2011 and 2013-2014) and A/H3N2 (2011-2012 and 2012-2013) were calculated for seasons in which vaccine components for virus subtypes were antigenically related and there was sufficient virus circulation (defined as 15 vaccinated influenza-positive cases) for a stable estimate from adjusted logistic regression models. For comparison with previously published estimates, we also calculated VE by using a test-negative design, as previously described (Supplemental Tables 4  and 5) . 11, 12, [19] [20] [21] Adjusted logistic models included age at enrollment, gender, race or ethnicity, study site, interval from onset to enrollment, highrisk health conditions, parent-or guardian-rated general health status, and calendar time (dichotomous variables representing 2-week intervals by season). Because LAIV is not recommended for children with high-risk health conditions, we conducted sensitivity analyses excluding patients with any high-risk health condition in the year before enrollment. Models for all ages included age categories (2-4, 5-8, or 9-17 years), and agestratified models were adjusted for participant's age in years. For combined-season analyses, models also included a term for influenza season. Statistical analyses were conducted in SAS statistical software (version 9.3; SAS Institute, Inc, Cary, NC). P values <.05 were considered statistically significant. Figures were generated with the "forestplot" package in R (version 3.1.1; R Core Team, Vienna, Austria). 22 
Comparison by Season
We compared the relative effectiveness of LAIV and IIV against any influenza by season (Fig 1) . Odds of influenza were similar for participants vaccinated with LAIV or IIV from 2010-2011 to 2012-2013, and ORs were consistent with no statistically significant difference in VE. 10, 14 In 2013-2014, 21% of participants vaccinated with LAIV and 8% of those vaccinated with IIV had laboratory-confirmed influenza. The odds of influenza were significantly higher for LAIV recipients compared with IIV recipients aged 2 to 17 years (OR 2.88; 95% CI, 1.62 to 5.12) and 2 to 8 years (OR 5.36; 95% CI, 2.37 to 12.13), whereas OR for participants aged 9 to 17 years was not statistically significant. In all seasons, inclusion of previous season influenza vaccination as a dichotomous variable did not substantially change relative effectiveness estimates (data not shown).
Comparison by Infl uenza Type
In 
Additional Analyses
Excluding participants with high-risk health conditions resulted in similar relative effectiveness estimates against any influenza in all seasons and age groups (Supplemental Table  7 ). Including partially vaccinated participants also resulted in similar estimates (Supplemental Table 8 ). Increased LAIV uptake in 2013-2014 allowed us to investigate differences in LAIV recipients. There were no 
DISCUSSION
In this analysis of age-appropriately vaccinated children and adolescents over 4 influenza seasons after the 2009 influenza pandemic, we found 5 Lower LAIV effectiveness compared with IIV against A/H1N1pdm09-related illness was unexpected. In 3 randomized IIV-controlled trials of trivalent LAIV among children <8 years of age conducted before 2009, relative efficacy of LAIV was superior to that of IIV against seasonal A/H1N1 viruses. [3] [4] [5] 24 However, during and after 2009, the prepandemic A/H1N1 components in LAIV were replaced with A/ H1N1pdm09 hemagglutinin (HA) and neuraminidase proteins. Evidence for LAIV effectiveness against A/ H1N1pdm09 viruses is limited to observational studies. During the 2009 pandemic, we reported that the monovalent A/H1N1pdm09 LAIV was effective against medically attended illness (61% VE; 95% CI, 12 to 82); however, delayed delivery of vaccine 6
FIGURE 1
Adjusted odds ratios (aORs) and 95% CIs comparing odds of infl uenza among LAIV and IIV recipients by infl uenza season and age group. Adjusted models included age at enrollment (groups for overall estimates or years for age group-specifi c estimates), gender, study site, race or ethnicity, presence of high-risk health condition, parent-or guardian-rated general health status (not included in 2010-2011 models), interval from onset to enrollment, and calendar time (2-week intervals). REF, reference.
FIGURE 2
Adjusted odds ratios (aORs) and 95% CIs comparing odds of infl uenza among LAIV and IIV recipients by infl uenza type or subtype and season. Adjusted models included age at enrollment (groups), gender, study site, race or ethnicity, presence of high-risk health condition, parent-or guardianrated general health status (not included in 2010-2011 models), interval from onset to enrollment, season (for combined estimates), and calendar time (2- until the end of the second phase of the pandemic resulted in very small numbers of influenza-positive cases who received LAIV. 9 Other studies have reported significant VE for LAIV against outpatient and inpatient medically attended H1N1pdm09-related illness among school-aged children in the United States in 2009-2010 and 2010-2011. [25] [26] [27] However, reduced LAIV effectiveness against A/H1N1pdm09 was observed during 2010-2011 among adults in the US military. 28 One Canadian study reported effectiveness of trivalent LAIV against influenza A during the 2013-2014 season; however, the study had few participants who received LAIV. 29 Lack of consistent evidence of superior effectiveness of LAIV after 2009 contributed to ACIP's decision for the 2015-2016 season not to renew the preferential recommendation for LAIV for children aged 2 to 8 years; both LAIV and IIV are recommended for children aged ≥2 years. 30 Properties of the LAIV A/ H1N1pdm09 viral construct that affected fitness or stability of the vaccine virus may partially explain the inconsistent results. An amino acid sequence was identified in the HA stalk region of wild-type A/ California/7/2009 H1N1pdm09 virus that reduced thermal stability of the LAIV vaccine virus containing the A/H1N1pdm09 HA gene. 31, 32 This stalk sequence resulted in lower virus infectivity in ferrets and greater susceptibility to degradation at high temperatures. 31 Even small reductions in infectivity may affect VE; 1 randomized placebo-controlled study in children aged 6 to 35 months conducted before 2009 demonstrated that a 1-log difference in potency of LAIV significantly reduced efficacy. 33 We did not find superior LAIV effectiveness compared with IIV against illness associated with A/ H3N2 or influenza B virus infections over several seasons. However, small sample sizes in some groups may have limited our ability to detect small differences in influenza positivity in the 2 vaccine groups. In contrast, 3 randomized studies conducted in children during the 2002-2003 and 2003-2004 influenza seasons demonstrated superior efficacy of trivalent LAIV over trivalent IIV against illness caused by circulating influenza viruses including seasonal A/H1N1, A/H3N2, and type B viruses. [3] [4] [5] Participants enrolled in our study may have differed in important ways from those enrolled in the randomized controlled trials. Relative effectiveness from observational studies provides a direct comparison of vaccines based on the model of comparative efficacy trials (IIVcontrolled LAIV trials), but vaccine type is not randomly allocated. Most children and adolescents enrolled at Flu VE Network sites who received either LAIV or IIV were previously vaccinated, whereas trials enrolled young children with limited previous vaccination. Differences between circulating influenza viruses during the comparative trials and the 4 seasons included in this analysis may also have contributed, although vaccine efficacy was not calculated in the trials. Notably, 1 randomized trial demonstrated higher relative efficacy of LAIV compared with IIV when the A/H3N2 vaccine component was not well matched to circulating A/H3N2 viruses. 3 Although we observed no statistically significant difference in odds of influenza A/H3N2 or B-associated illness, point estimates suggested lower odds of illness among participants aged 2 to 8 years who received LAIV compared with IIV, but sample size was small.
Our study was subject to several limitations. First, observational studies are more prone to bias than randomized studies, and children and adolescents who received LAIV may differ from those who received IIV in ways that were associated with underlying medical conditions, influenza, or probability of enrollment. However, restriction of analyses to those without highrisk health conditions for whom LAIV would be contraindicated and controlling for potential confounders resulted in similar estimates of relative effectiveness. Furthermore, because we restricted the analysis to the vaccinated population, relative effectiveness estimates are less subject than VE estimates to potential bias due to differences in vaccinated and unvaccinated populations. Finally, enrollment of small numbers of vaccinated children and adolescents limited our ability to estimate relative effectiveness precisely, leading to wide confidence intervals. 
CONCLUSIONS
